Planetary exploration missions and deep space probes require electrical power management and control .systems that are capable of efficient and reliable operation in very low temperature environments. Presently, spacecraft operating in the cold environment of deep space carry radioisotope heating units in order to maintain the surrounding temperature of the on-board electronics at approximately 20 "C. Electronics capable of operation at cryogenic temperatures will not only tolerate the hostile environment of deep space but also reduce system size and weight by eliminating or reducing the radioisotope heating units and their associate structures; thereby reducing system development as well as launch costs. In addition, power electronic circuits designed for operation at low temperatures are expected to result in more efficient systems than those at room temperature. This improvement results from better behavior and tolerance in the electrical and thermal properties of semiconductor and dielectric materials at low temperatures.
INTRODUCTION
Electronic components and systems capable of low temperature operation are required for many future NASA space missions where it is desirable to have smaller, lighter, and less expensive spacecraft. These include Mars orbiters, landers, and rovers; Europa oceanic exploratory instrumentation; and outer planetary exploration and deep space probes. Table 1 shows operational temperatures for unheated spacecraft in the environments of the outer planets. For example, an inter-planetary probe launched to explore the rings of Satum would experience a temperature near Satum of about -1 83 "C.
Presently, spacecraft operating in the cold environment of deep space carry on-board radioisotope heating units (RHUS) to maintain an operating temperature for the electronics of approximately 20 "C: [l] . This is not an ideal solution because the radioisotope heating miits are always producing heat, even when the spacecraft may already be too hot, thus requiring an active thermal control system for the spacecraft. In addition, RHUS are very expensive and require elaborate containment structures. Electronics capable of operation at cryogenic 1,emperaturc:s will not only tolerate the hostile environment of deep space but also reduce system size and weight by eliminating radioisotope heating units and associated stnwtures; thereby reducing system development and launch costs, impraving reliability and lifetime, and increasing energy densities. In addition to deep space applications, low temperature electronics have potential uses in ierrestrial applications that include magnetic levitation transportation systems, medical diagnostics, cryogenic instnunentation, and superconducting magnetic energy :storage systems. The utilization of power electronics designed for and operated at low temperature is expected to result in more efficient systems than room temperature systems. This improvement results from better electronic, electrical, and thermal properties of materials at low temperatures [2, 31. In particular, the performance of certain semiconductor devices improves with decreasing temperature down to liquid nitrogen temperature [3, 41. At low temperatures, majority carrier devices demonstrate reduced leakage current and reduced latch-up susceptibility. In addition, these devices show higher speed resulting from increased carrier mobility and saturation velocity [3- 51. An example is the power MOSFET that has lower conduction losses at low temperature due to the reduction in the drain-to-source resistance RDS(on) resulting from increased (carrier mobility
The targeted systems are mission-driven and include converters, inverters, controls, digital circuits, and specialpurpose circuits. Initial development efforts have produced the successful demonstration of low temperature operation and cold-restart of several DCDC converters (with outputs &om 5 to 1000 Watts) utilizing different design topologies [l, 4, 71 . Some of these circuits employed superconducting inductors.
In support of system development, device and component research and development efforts are underway in critical areas of passive and active components, optoelectronic devices, and energy generation and storage. Initially, commercial-off-the-shelf (COTS) devices and components are characterized in terms of their performance at low-temperatures. When viable commercial devices fail to meet mission requirements, efforts are then undertaken to develop advanced components. In addition to the development efforts to fill the technology gaps in low temperature power electronics, thermal issues relating to packaging, integration, and cycling are being explored.
RESULTS AND DISCUSSIONS
Some of the components that are being characterized include semiconductor switching devices, pulse width modulation controllers, high frequency oscillators, DCDC converters, sensors and transducers, and passive and active devices, to name a few. Figure 1 shows the performance of a military-grade pulse width modulation (PWM) controller at various temperatures. The effect of temperature on duty cycle of the device at various control voltage levels is depicted in this figure. This BiCMOS current-mode P W M device, which is rated for -55 to +I25 "C operation, was characterized at a switching frequency of 100 kHz. It can be seen that at room temperature, the maximum duty cycle obtained was 95% at a control voltage level of 1.7 V. Upon lowering the test temperature, the value of the control voltage level required to obtain a specific duty cycle decreased significantly. For example, the values of this signal required for a 50% output duty cycle were about 1.4 V, 1 .O V, 0.8 V, and 0.7 V at 25 "C, -100 "C, -150 "C, and -170 "C, respectively. At temperatures between -170 "C and -175 "C, the device exhibits instability in performance in the form of intermittent loss of the output signal. Beyond -175 "C, the device ceases to operate but recovers as soon as temperature is brought back to about -170 "C. This preliminary result indicates that the usefulness of the device depends on whether the shift in the control voltage signal with temperature is tolerable in the specific application or if some feedback compensation is provided to accommodate for these low temperature induced changes.
Several DCDC converters have been built and characterized, in-house, at low temperatures. The converters were designed or modified to operate from room temperature to -1 96 "C using commercially available components such as CMOS-type devices and MOSFET switches. These systems had output power range from 5 W to 1 kW with switching frequencies of 50 kHz to 200 kHz. Pulse width modulation technique was implemented in most of these systems with open-loop as well as closed-loop control. The topologies included buck, boost, multi-resonant, push-pull and full-bridge configuration [8-1 I]. In addition, several commercially available DCDC converter modules were investigated for potential use at low temperatures. The output voltage and efficiency of a commercial DCDC converter at various load levels, for example, are shown as a function of temperature in Figures  2 and 3 , respectively. It can be seen that the output voltage of this particular module tends to be steady only between +20 "C and -20 "C. A slight reduction occurs in voltage regulation as temperature is further decreased to -80 "C. Beyond that temperature, the converter tends to become unstable in terms of voltage regulation. This behavior occurs regardless of the levels of the applied input voltage and connected output load. Similar trend is observed on the effect of low temperature on the efficiency of this converter. Temperature ("C) The output voltage of another commercial converter module under the same test conditions is depicted in Figure  4 . At low load levels, this converter exhibits excellent stability in its voltage regulation throughout the temperature range from 20 "C to -120 "C. At heavy loads, however, the converter output voltage tends to decrease with decreasing temperature. This decrease becomes more evident at temperatures lower than -40 "C. The efficiency of this converter is shown in Figure 5 . In general, the efficiency drops as the temperature is lowered with the heavy load condition having a higher efficiency than that of a light load. The transducers were evaluated in terms of output response and linearity as a function of temperature. Characterization was performed in the temperature range of 293K (+20 "C) to 80K (-193 "C). The data were initially gathered at room temperature, then at successive test temperatures down to 80K, and again at room temperature after low temperature was completed. Each device was characterized in terms of its output current, which is proportional to absolute temperature, as a function of temperature and its input or supply voltage. The effect of temperature on the output characteristics of one of these devices is depicted in Figure 6 . It can be seen that this device produced an output current that reflects true representation of the temperature variable to be measured at all levels of the input voltage in the range of 4 to 30 V but within the test temperature range of 293K to 140K. Beyond 140K, the transducer continued to produce an output but it lacked accuracy as well as linearity. This effect of extreme low temperature exposure on the linearity of this transducer is illustrated in Figure 7 where the output current corresponding to a certain temperature is shown at various
supply voltage levels. Once again, the non-linearity begins to show at temperatures around 140K and it becomes more profound as the temperature is decreased findher and at high supply voltage levels. It is important to note that although all of the temperature transducers tested exhibited changes, with varying degrees, in their output linearity with decreasing temperature, none underwent any catastrophic failure due to exposure to the low temperature environment. This is evident from the full recovery in performance exhibited by all the devices tested upon their thermal stabilization back to room temperature. An SO1 (Silicon-On-Insulator) MOSFE?' and a standard MOSFET device were characterized in the temperature range of +20 "C to -190 "C. Performance characterization was obtained in terms of their gate threshold voltage (VGS(th)), drain-to-source on-state resistance (RDS(on)), and drain current (ID) versus drain-to-source voltage (VDS) family curves at various gate voltages (VGS). These properties were obtained using a digital curve tracer. The test temperatures at which these devices were investigated were: 20 "C, -50 "C, -75 "C, -100 "C, -125 "C, -150 OC, -175 "C, and -190 "C. Limited thermal cycling testing was also performed on the devices. These tests consisted of subjecting the devices to a total of five thermal cycles between +20 "C and -190 "C. A temperature rate of change of 10 "C/min and a soak time at the test temperature of 10 minutes were used throughout this work. 
CONCLUSIONS
An overview of the Low Temperature Electronics Program at the NASA Glenn Research Center was given. The research efforts are focused on developing selected, mission-driven, power systems and supporting technologies for low temperature operation. The on-going activities include dielectric and insulating material research and evaluation, development and testing of low temperature power components, and electronic system integration and demonstration. Other supporting research investigations comprise long-term reliability assessment of power devices and integrated circuits and the effects of low temperature exposure on device interconnect and packaging. Preliminary experimental data on selected devices were also presented. Coordination of the various research and development efforts with other agencies, academia, and the aerospace industry as well as the utilization of test facilities with the proper diagnostic and analytical tools will certainly contribute to meeting the needs of future space power and other electrical systems. Figure 9 shows the drain-to-source on-state resistance (RDS(on)) versus temperature for the two devices. As seen from Figure 2 , both devices show similar behavior in their on-state resistance with temperature. The on-state resistance of either device seems to decrease with decrease in temperature till about -170 "C. This trend, however, is reversed as the test temperature is decreased further as reflected by the slight increase in the on-state resistance of both devices. At any temperature, the SO1 device exhibits a slightly higher on-state resistance than its standard counterpart.
